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– Designing user interface to augment food texture with sound AR system - 

Naoya Koizumi*1, 2 Hidekazu Tanaka*1 Yuji Uema*1 and Masahiko Inami*1  

Abstract --- Our contribution is to propose the method to augment food texture using sound AR 
system with crossmodal effect, to evaluate prototype implementation, and to confirm the validity 
of our system. There is cognitive scientific knowledge regarding the relation between food 
texture and sound. However, they are effective only in laboratory situations and are not suitable 
in everyday lives. Our research question is how the user interface design improves our daily 
eating experience and we focus on the food texture. Our hypothesis is that it is possible to 
augment the food texture by introducing sound in synchronization with the motion of the user’s 
mastication. For this purpose, we have designed a device and software for detecting the 
mastication action and controlling the sound augmented reality system. Additionally, we have 
evaluated sound delay, frequency control, and effects of our system. And finally, we have 
demonstrated this system at a public conference to show the possibility of usage in a living 
environment.  
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ʾʠ˘̦˵̠˯˂˕ʺʽ}�˄˸ˠ̠̓˪˜ȚƇʰ̥�

ȢǑ˄ɭ ˜̋˟̢̀̆˻˩ʰˁʡ˕ʢ˂ʰʷ̦ˎʷǲȕ

ģǀ˅ʂ�À̎˻̀̋ˤ̠˜Lƥʲ˘ʭʿʾ̥ȌƵǯ˄

ǰ˜�ʦˁʡ˕ʢ˂ʰ̥ɼ�˂ʤʫ˘�Ȣ˜ʬˁʡ˕

ʢ˂ʰʷ̦ 
 

 
�  1 ˱˳˽̔>$7  

 
ʉ ˵̠˯ʿ�ɸ˄ȶɨ˜ȚƇʲ˘f¾�;˵̠˯˂˅

ŽŌ̏˿́˩˳ȏ RPR-220 ˜(ƥʰ̥Arduino ˂˕˗
A/D ¢Ĥ˜ȇˁʺʷ̦˵̠˯˅ɸ�Ðm˂�/g˗�
ʫʷ̦ʭ˙˅˵̠˯ʦ�ʻʸʿ̥ʀ˜6ʬʷ˗ʀ˜Ğʺ

ʷ˗ˁˀ˄̥ɹ˄Ðm˄Xʧ˂½ʰʽȥ&X˜ƣʱʢ˘

Ɠʾʠ˘̦}�ɭgò˄ʷˑ˂˅_�Ĝtư̖̝̂̄

̒ˠ˩̟̠̏˵˻˿(ME52W̥OLYMPUS)˜(ƥʰ̥ʂ
�À̎˻̀̋ˤ̠˂˅˽̔˭˲̗̠̇ȏ̇˷˭̠ƥʂ�

À̎˻̀˵˻˿(HG40SIM-TU 28721)˜(ƥʰʷ̦ˁʤ̥
̒ˠ˩˅̢̙˰˄�ɸɐ˂˅˗�ʫʷ̦ 

3.3  ������8U 
f¾�;˵̠˯˄ES1ʿ�ɸ˄Xʧ˄ɛ,˄Ȩ

ŒǟŐ˜�˂̥}�˞̝ˮ̜˴̔˄Śț˜ȇʺʷ̦:

ȇƺǌ˄Ʀ	[21]˄�yʥ˖̥}�ľ˅ƬȢľ˂Ů
ˋʽ�ɸX&ʦǙ 30˒¥ʧʡʭʿʦƹ˖˙ʽʡ˘̦ñ
ʺʽ[F˂}�ʿƬȢ˜FKʲ˘ʭʿʦkǵʾʠ˘̦

Ň˷̋˿ˡˢ˞ʾ˅˵̠˯1ʦúƍ˂�ɟʰʷɥ˂̥ʵ

˄ȇX˜}�ʿʰʽŚEʰ̥�ɟʰʷ1˂ʻʡʽɜ1

˜ȝʫ˘ʭʿʾƬȢʿ˄JK˜ȇʺʷ̦@$Ʈ˂˅�

�˄˕ʢ˂ȇʺʷ̦ 
1̤ 16msec ʮʿ˂˵̠˯˄ES1˜gòʲ˘ 
2) Ðm˵̠˯K˂O�˄ES1ʿÑF˜Țǔʲ˘ 
3) Ðm˵̠˯K˂ 3�ɄǢʾÑFʦȝ´ɜ1˜ȴ



05�¡���������
_.]  Vol.18, No.2, 2013 

 

ʣʷ�q˅}�˄kǵûń˗ʿJ´ʰ̥Ðm˵̠˯ʿ

˒˂}�˄kǵûń˗ʿJ´ʯ˙ʷ�q˅}�ʿʰʽ

ŚEʲ˘ 
4) }�J´ï̥480msec˄ɚ˅}�˜J´ʰˁʡ. 

ʉ ŇčŶ˄ûǵȟ+˅ıƞ[21]˂ʽȜȽʯ˙ʽʡ˘ɂ
˗ʾʠ˗̥ȋʁǯʦ 10 �˄}�˜ȇʺʷǟŐ̥}�Ś
E�į˄×�˅ 10.8 �ŠƉ2Ñ˅ 2.4 �ʿˁʺʽʡ
˘̦ˁʤ̥�Ú˄}�˂½ʰʽȐį�˄}�ŚEʦȇ

˛˙ʽʰˎʢʭʿ˜ɝʪʷˑ}�J´ï˂ 480m̯ec ˅
}�˄J´˜ȇ˛ˁʡ˕ʢ˂ʰʷ̦ʭ˙˅ıƞ[1]˕˗}
�̜˴̔ʦǙ 1Hz ʾʠ˘ʭʿ˜ȷˎʣ̥ʵ˄\FǇÚ˂
ȝ´ʰʷ̦ʭ˙˖˂˕˗ȝȚĜɕ C ˜ɉĉʰʷ̦ 
ʉ ˎʷɭ ˄̋˟̢̀̆˻˩˅̥}�J´˜ʤʭˁʺʷ

˸ˠ̠̓˪ʥ˖ 1sec �Bʿʰʷ̦ʭ˙˅̥}�ɭ˄ɗʯ
˂½ʰʽ[FɗʡʿǮʣ˖˙˘ʷˑʾʠ˘̦)ʣˆ̑˽

˿˺˻̍ʾʠ˙ˆʵ˄}�ɭƬƣľɚ˄ɗʯ˅Ǚ

400msec ʾʠ˗̥}�ɭ˜ʲˋʽCƣʲ˘˄˂[Fɗ
ʡľɚʿșʣ˘̦ˎʷÕ˂ɭ ˜̋˟̢̀̆˻˩ʲ˘ʿ

�Ȣɭ ˁˀ˒ǸF˂̋˟̢̀̆˻˩ʰʽʰˎʡ̥�ù

ăʦƣʱʢ˘̦ʵʭʾ}�˄˸ˠ̠̓˪ʾʠ˘ 1Hz ˂q
˛ʴʽģǀľɚ˜ 1secɚʿʰʷ̦ 

 

 
�  2ʉ ˵̠˯˾̢˸ʿ}�ŚE  

 

4  �2)wfs~�l 

4.1  �lCB¢\�2ec�x;� 
ȝȚĜɕAʾʠ˘ʞɼăƹȕĩ&ʦkǵʾʠ˘ʭʿʟ

˜µƠʲ˘ʷˑ˂˅̥˩̟˳̢̖˹̝WŐ˜Lƥʲ˘

öȒʦʠ˗̥ʵ˄ʷˑ˂˅ģǀɭ˜Ǹȸ˄}�ɭʿr

ľʿʰʽƹȕʲ˘˸ˠ̠̓˪̥ʲˁ˛ʹ�ˏȾˏʿrľ

ʿʰʽƹȕʯ˙˘˸ˠ̠̓˪ʾĀ�ģǀ˜ȇˁʢöȒʦ

ʠ˘̦ʵʭʾ}�ŚEʥ˖ǲȕģǀˎʾ˄ȞºľɚɆ

˙˜µʁ˕˗Ųˑʷ̦ 

4.2  �l��z+i 
µʁ˄dUǯ˅˱˳˽̔˜(ƥʰʽʡ˘ƝĄʾ˪̓

˜ɼˋ˘̦˱˳˽̔ʾ˅WŐɭ�U˞̜̍˫̢˱̠̚˜

ȳXʰ̥˪̓˄}�˂½ʰʽʞˍ˂˔ʟʿʡʢWŐɭ˜�

Uʰʷ̦ʭ˄ɭʿ˪̓˄ǝˏq˛ʴ˅̥�5µʁ˂ʤ

ʡʽ̥dUǯ˂hʫ=˙˖˙˓ʲʥʺʷǝˏq˛ʴʿ

ʰʽ�yʯ˙ʽʡʷʷˑ˂Ġƥʰʷ̦ˎʷ̥̑˽˿˺˻

̍˳˜Lƥʰʽ̥̋˟̢̀̆˻˩ɭ˜ģǀʲ˘čŶ˒r

ş˄µʁčŶʾµĶʰʷ̦ 
µʁǯ˅}�ŚEʿĀ�ģǀ˄ɚ˄Ɇßľɚ˜Ȩ

İʰ̥ˀ˄ǇÚˎʾdUǯʦɆßʿʰʽăʱˁʡ˄ʥ

˜ŜɠŶ˂˕˗Ȩˋʷ̦dUǯ˅ƨû 3 s̥«û 2 s
ʾ̥Øʈ˅ 24 Ũʥ˖ 29 Ũʾʠʺʷ̦µʁ˄čɱ˜�
�˂ɀˋ˘̦ 
1) dUǯ˅˾̆ˠ˳˜ȌƵʰ̥˵̠˯˄"ǩȨİʿ
}�ŚEɜ1Ȩİ̥ģǀʯ˙˘ɭɓ˄Ȩİ˜ȇ

ˁʢ̦ɭɓ˅ǸF˄}�ɭ˕˗˒ģǀɭ˄ĵʦÂ

ʰ¥ʧʩǱʭʣ˘ǇÚ˂Ȩİʰʽ˒˖ʺʷ̦ 
2) ˎʳ�ɟǗHʾ˄ɜ1˜Ȩˋ˘ʷˑ̥dUǯ˂
ʞIˑ˅ɭʦɆ˙ʷƝĄʾģǀʯ˙̥�iŭ˂

ðʝ˂Ɇ˙˜ˁʩʰʽʡʩ˄ʾ̥Ɇ˙˜ăʱˁʩˁ

ʺʷŬɤʾĭʣʽˌʰʡ̦ˎʷ̥Iˑ˄ŬɤʾɆ

˙˜ăʱˁʫ˙ˆĭʣʽˌʰʡ̦ʟʿʡʢʭʿ˜�ʣ

ʷ̦ 
3) }�ŚEʥ˖Ā�ģǀˎʾ˄Ɇß˜ 300msec ˂
ȝ´ʰ̥dUǯ˂ɼ�˜ɼˋʽ˒˖ʡ̥ģǀ˸ˠ̓

̠˪˄Ɇ˙˜ăʱ˘ʥuʥ˜�Ǔʰʽ˒˖ʢ̦ 
4) dUǯʦɆ˙˜ăʱ˘ʿ�Ǔʰʷ�q˅̥Ɇß˜

20msecÂˁʩʰ̥čɱ 3)˜ȇˁʢ̦ʭ˙˜dUǯʦ
Ɇ˙˜ăʱˁʡʿ�Ǔʲ˘ˎʾǨ˗ȿʲ̦ 

5) �ĹǗHʾ˄ɜ1˜Ȩˋ˘ʷˑ̥dUǯ˂ʞIˑ
˅ɭ˄Ɇ˙ʦˁʡƝĄʾģǀʯ˙̥�iŭ˂

ðʝ˂Ɇ˙˜�˓ʰʽʡʩ˄ʾ̥Ɇ˙˜ăʱʷŬ

ɤʾĭʣʽˌʰʡ̦ˎʷ̥Iˑ˄ŬɤʾɆ˙˜ă

ʱʷ˖ĭʣʽˌʰʡ̦ʟʿʡʢʭʿ˜�ʣ˘̦ˁʤ̥ʞ˒

ʰģǀ˄˸ˠ̠̓˪ʦĸʡʿăʱʷ�q˂˅̥˸ˠ̓

̠˪ʦĸʡʿ�Ǔʰʽˌʰʡ̦ʟʿʡʢʭʿ˒�ʣ˘̦ 
6) }�ŚEʥ˖Ā�ģǀˎʾ˄Ɇß˜ 0msec ˂ȝ
´ʰ̥dUǯ˂ɼ�˜ɼˋʽ˒˖ʡ̥ģǀ˸ˠ̠̓

˪˄Ɇ˙˜ăʱ˘ʥuʥ˜�Ǔʰʽ˒˖ʢ̦ 
7) dUǯʦɆ˙˜ăʱˁʡʿ�Ǔʰʷ�q˅̥Ɇß
˜ 20msec¤ʩʰ̥čɱ 6)˜ȇˁʢ̦ʭ˙˜dUǯʦ
Ɇ˙˜ăʱ˘ʿ�Ǔʲ˘ˎʾǨ˗ȿʲ̦ 

4.3  �lL6 
µʁ˄ǟŐ̥WŐɭģǀčŶ˂˕ʺʽɆß˜ăʱ˘

ɜ1˄×�˅ 134msec̥ŠƉ2Ñ˅ 74msecʿˁʺʷ̦
ˎʷ̥̑˽˿˺˻̍˳˜ƥʡʷɭ̋˟̢̀̆˻˩˂˕˘µ

ʁ˂ʤʡʽɆß˜ăʱ˘ɜ1˄×�˅ 162msec̥ŠƉ
2Ñ 29msec ʿˁʺʷ̦ʭ˄ǟŐ˕˗̥WŐɭģǀčŶ
˂ʤʡʽ˅Ɇßľɚ˜ȝ´ʰˁʡʭʿʿʰʷ̦ˎʷǲȕ

̋˟̢̀̆˻˩ľ˂Ƭƣʲ˘Ɇ˙˜ 100msec ǇÚ˂Ē
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ʣ˘˕ʢ˂˱˳˽̔˄ȝȚ̡µȌ˜ȇʺʷ̦ 

4.4  c$2ewfs~N� 
µʁǟŐ˜Ůȼʲ˘ʿ̥˱˳˽̔˂˕˗WŐɭ˜�

Uʰʽµʁ˜ȇˁʺʷĵʦɆß˜ăʱ˘ɜ1˄×�ʦ

Áʯʩ̥dUǯ˅Ɇß˂½ʰʽĬă˂ˁʺʽʡ˘ʭʿʦ

Fʥ˘̦ʭ˙˅̑˽˿˺˻̍˳˄}�ɭʦ¥ʧʡʷˑ˂̥

ɭ ɑƫ˄̋˟̢̀̆˻˩˂˕˘ɭʿµɥ˄}�ɭ˄

Ñƪ˜Ƭȓʰ˂ʩʩ̥̋˟̢̀̆˻˩ɭ˄Ƭƣƒ˜đĥ

ʲ˘ʭʿʦEŋˁʡʷˑ˂̥µɥ˄̑˽˿˺˻̍˳˄Ƽ

ĳɭʿ˱˳˽̔˂˕˘ģǀɭʦɁţƮʿȤȪʯ˙ʷʷ

ˑʿǮʣ˖˙˘̦ˎʷWŐɭģǀʾ˅ĿŬǱʧą˙ˁ

ʡǉɺ˄ɭʦģǀʯ˙ʷʷˑɊ~ăʦƣʱ̥ˆ˖ʻʧ

ʦƬƣʰʷ˄ʾ˅ˁʡʥʿ˒Ǯʣ˖˙˘̦ 
 

5  ����h-Gwfs~�l 

5.1  �lCB 
ȝȚĜɕ˄ʞɼăƹȕĩ&ʦkǵʾʠ˘ʭʿʟ˜ɉ

ĉʾʧʷʥˀʢʥ˜ȟ+ʲ˘̦Ȑį˄ɼ�˂½ʰʽŇ

˱˳˽̔˄ɼăƹȕĩ&˞̜̍˫̢˱̠̚˜(ƥʰ̥ 
ˀ˄ɼ�˄ˀ˄ɼăƹȕ˜ĩ&ʲ˘ʭʿʦʾʧ˘˄ʥ

˜Ȩˋ˘ʭʿ˜ưƮʿʰʷµʁ˜ȇˁʺʷ̦ 

5.2  ���l 
µʁȝȚ˅ Zampini˖˄µʁ[12]˜˒ʿ˂ȇˁʺʷ̦

ˎʳµʁ˂ƥʡ˘ɼ�eˈ̋˟̝˸˄ȝȚ˜ȇʢʷˑ

˄�5µʁ˜µĶʰʷ̦Lƥʲ˘ɼ�ʿʰʽɼă˂Ɯ

ô˄ʠ˘ɼ�ʾʥʻ̥ÏśƮ˂¥ɓƣƤʯ˙˘ˁˀ˄

ÏǇ˜Ǟʽ�ȱˁ�ȱ˜ńʲ˘˒˄ʥ˖Ɍˉʭʿʿʰʷ̦

@$Ʈˁɼ�˄Ɍē˂˅ıƞ[3]˜˒ʿ˂ɼăʿʰʽ
ʞ˯˩˯˩̥˯˻˩̜̥̜̜̥̑̑˦̜˦̜̥̖˺̖˺ʟ˂½

øʲ˘�ȊƮˁɼ�ʿʰʽĝʬ˖˙ʽʡʷʞ̑˽˿˺˻

̍˳̥˩̛˻˦̢̥Ƙɾ̥ʥ˗˝ʿʢ̥¥ǃʟ˜Ɍēʰʷ̦

ˎʷʵ˄�˄ɼ�ʿʰʽ̥ıƞ̫3̬˂˅Ɣʥʺʷ˞̢̖
̠̀˜Ɍēʰʷ̦ʭ˙˅̥µɥ˂Ň˱˳˽̔˜ȌƵʰʽ

şʝˁɼ�˜ɼʰʽʡ˘	ʾ̥Ȭɺ˂˒ƜôƮˁɼă

ʦʠ˘ʿµʁǯǸȸʦǮʣʷʷˑĠƥʰʷ̦ 
ȟ+ĵŶ˒:ȇƺǌ [12]˂ˁ˖ʡ̥100 Ŭɤ˄

Visual Analog Scale(�� VAS)˜ƥʡʽȇʺʷ̦ȟ+
˂ʤʫ˘èºȠ½˄Ŵ´˂ʤʡʽ˅ʜʵ˙ʶ˙˄ɼ

ă˂ɛʲ˘ıƞ[3]˄Ȝɀ˜9˂Śț˜ȇʡ̥�5µ
ʁ˂ʤʡʽµʁǯʦ¢Z˜ăʱ˘èºȠ˜ȝ´ʰʷ̦ 
ˎʷʵ˙ʶ˙˂½ʲ˘̋˟̝˸˄ȝȚ˂ɛʰʽ˅̥

µʁǯ 2 sʦzŷį˜¢Zʯʴˁʦ˖½ȭ˄ɼ�˄
}�˜ȇʡ̥ʵ˙ʶ˙˄ɼ�˄Ɯôʿʯ˙ʽʡ˘ɼă

˜åȨeˈĒMʰʽʡ˘ʿăʱ˖˙˘zŷį˜Ųˑʷ̦

ɭ ˄UÏDơ˂˅ Pure Data ˜Lƥʰʷ̦}�ɭ˄
UÏŊ�˄ǉɺ˅pɼ�˂½ʰʽ 3 ǉɺʿʰ̥̅ˠ̇
˳̋˟̝˸˜ɂʰʷɭ̢̥̟̇˳̋˟̝˸˜ɂʰʷɭ̥Ɣ

UÏ̋˟̢̀̆˻˩˄ɭʾʠ˘̦UÏŊ�ʿʰʽ�Ȝ̩

Ŋ�˜ɌēʰʷơƧ˅̥:ȇƺǌ[12]˕˗̅ˠ̇˳̋˟
̝˸˄WŐ˜ņîʾʧ˘ƒʿ̢̥̟̇˳̋˟̝˸˂˕ʺ

ʽʃzŷ�˜#Ɔʲ˘ʭʿʾ̥ʵ˄WŐ˜Ďʹƀʲʭ

ʿʦņîʾʧʷʷˑʾʠ˘̦� 3˂(ƥʰʷɼ�ǫ̥Ȋ
̧˂ɼ�ŭ˄UÏŊ�̥eˈȟ+˄½ȭʿʲ˘èºȠ

½˜ǀʲ̦ 
ʉ

Ȋ  1ʉ µʁŊ�ʿèºȠ½  

 
 

 
�  3ʉ (ƥʰʷɼ�̣a:̑˽˿˺˻̥̍  b ˩̛˻
˦̢̥  c:ʴ˝ˋʡ̥  d: ˞̢̖̠̥̀  e: ʥ˗˝
ʿʢ̥  f̪¥ǃ̤  
 

5.3  �l��z+i 
ʉ �5µʁ˄ǟŐ˜ȷˎʣ̥Ňµʁ˜µĶʰʷ̦dU

ǯ˅Ň˱˳˽̔˄ɼăƹȕĩ&˞̜̍˫̢˱̠̚˜(

ƥʰʷƝĄʾʵ˙ʶ˙˄ɼ�˜ɼˋ̥ʵ˄ɼă˂ʻ

ʡʽ˄ȟ+˜ȇʺʷ̦ˁʤ̥Ňµʁʾ˅9˄ɼ�˂Ů

ˋʽɼăʦ¢Zʰʷʥuʥ˜Ȩˋ˘ʭʿ˂Ÿưʲ˘ʷ

ˑ̥VAS ˄ưƯ˗˅ 0 ˜�Ɖʿʰʽ-50 ʥ˖ 50 ˎʾ˄
100 Ŭɤʿʰʷ̦˱˳˽̔˜(ƥʰʽʡˁʡƝĄʾɼ�
˜ɼˋʷľ˄ɼă˄ȟ+˜ 0 ʿʰʷ̦ 
̑˽˿˺˻̍ʿ�˄ɼ�˅dUǯ̥ȡȇ�į̥µʁ

čɱʦƪˁ˘ʦčɱ½ȭ˅r�ʾʠ˘̦̑˽˿˺˻̍

˂ʻʡʽdUǯ˅ƨû 7 s̥«û 3 sʾ̥Øʈ˅ 23
Ũʥ˖ 31Ũʾʠʺʷ̦1�˂½ʰʽpŊ�˜ 2�ʳʻ
̛̠˹̔˂ȇʢʭʿʾqȚ 20 �˄ȡȇ˜ȇˁʺʷ̦˩̛
˻˦̢̥Ƙɾ̥˞̢̖̠̥̀ʥ˗˝ʿʢ̥¥ǃ˂ʻʡʽd

Uǯ˅ƨû 10 s̥«û 10sʾ̥Øʈ˅ 23Ũʥ˖ 26
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Ũʾʠʺʷ̦pɼ�˂ʻʧqȚ 10 �˄ȡȇ˜ȇˁʺ
ʷ̦dUǯ˅ʭ˙˖˄ 5ɼ�˄ʢʹ˄ 3ǉɺ˂ɛʰʽȟ
+˜ȇʺʷ̦Ňƺǌʾ˅µɥ˄ɼ�ʾ˄Lƥ˜ưĜʰ

ʽʡʷʷˑ̥ɼˋĵ˂Mɠ˜Uʣˁʥʺʷ̦µʁ˂ʤ

ʡʽ˅ʞŢň˜ʻʫʷƝĄʾĿŬʿrʱ˕ʢ˂ɼˋʽʩ

ʸʯʡʟʿʡʢĜǀ˜ȇʡ̥}�˄�į̥�i˄¥ʧʯ̥

}�˄˳̢̊̀ˁˀǠM˅ȇʺʽʡˁʡ̦ 
ʉ ʉ @$Ʈˁµʁčɱ˅��˄ɂ˗ʾʠ˘̦�
ʎʋ ÇÀŔX��jzfŢŀGbƓçƌŔX|�v

Wőfæ\ƒÒØĥ¹Ɓ´WůďfŠU8Ɠʉ

ʏʋ Ǧǭ˄ʷˑ˂˱˳˽̔˜(ƥʰʷƝĄʾ˽˳˿ƥ
ɼ�˜ɼˋ˘̦˽˳˿ƥɼ�˅ȟ+ʲ˘½ȭ£˄

ɼ�ʾ̛̠˹̔˂Ɍēʰʷ̦ˎʷʵ˄ɥ˂ɭɓ˄

Ȩİ˜ȇʢ̦ɭɓ˅Ǹȸ˄}�ɭ˂Ůˋʽ�ùʾ

ˁʡǇÚ˂dUǯǸȸ˂Ȩİʯʴʷ̦ʉ

ʐʋ ʙʗʘ˜ˏʴ̥ȟ+Ⱥʿˁ˘èºȠ½˜ȦĻʲ˘̦ʉ
ʑʋ ˱˳˽̔˜(ƥʰˁʡƝĄʾɼ�˜ɼˋ̥ʭ˙˜
�Ɖʊʙʗʘʾ˄ȟ+ʦʍʋ˄ɼăʿʰʽȕʣʽ˒˖ʢ̦ʉ

ʒʋ ˱˳˽̔˜(ƥʰ̛̥̠˹̔˂Ɍēʯ˙ʷŃI˄}
�ɭUÏŊ��ʾɼ�ʎ˜ɼˋ˘̦ɼˋǜʣʷ˖

ɼă˜ʙʗʘʾȟ+ʰʽ˒˖ʢ̦ʉ

ʓʋ dUǯ˅BȖ�y˜ȇˁʢ̦ʉ
ʔʋ ţ˄UÏŊ�˂ʻʡʽčɱʑʌʓ˜ȇˁʢ̦ʉ
ʕʋ Ńï˄UÏŊ�˂ʻʡʽčɱʑʌʓ˜ȇˁʢ̦ʉ
ʖʋ ɼ�˜¢łʰčɱʐʌʕ˜ȇˁʡ̥rş˂Ǩ˗ȿʲ̦ 

5.4  �lL6 
ʉ pɼ�˄�Ɖ˄ɼăʿ̥˱˳˽̔˜(ƥʰʷľ˄ɼ

ăȟ+ƒ˂½ʰʽFĮFō˜µĶʰʷ̦µʁ˄ǟŐ

˄×�1eˈŠƉ2Ñ˂ɛʲ˘˪̛̋˜� 4,5(̑˽˿
˺˻̍eˈ˩̛˻˦̢)˂ǀʲ.ˎʷʵ˙ʶ˙˄µʁǟ
Őʿʰʽ VAS˄×�1˜Į̑˂ǀʲ̣ęãB˅ŠƉ2
Ñ̤̦̑˽˿˺˻̍˳eˈ˩̛˻˦̢˂ʤʫ˘FĮFō

˜µĶʰʷǟŐ̥ńĂŰƉ 5%ʾńĂÑ˜ƾȤʲ˘ʭ
ʿʦEŋʷ (̑˽˿˺˻̍  F(2,50)=4.00, ˩̛˻˦̢ 
F(2,23) = 3.53)̦ʵ˙ʶ˙˄µʁ˂ʤʡʽp˪̢̝̍
˄˾̢˸įʦǑʰʡʷˑ̥�ïŚ´ʿʰʽ Tukey ˄
HSD Ŷ˜Lƥʰʽ¤ɑŮȼ˜µĶʰʷ̦ʵ˄ǟŐ˂˕
˗×�1˂ńĂˁÑʦƣʱʷ˄˅��˄̨ɰưʾʠ˗̥

ʭ˙�£˄ɼ�ʿUÏŊ�˄ǝˏq˛ʴ˂ʻʡʽ˅

ńĂÑʦȓ˖˙ˁʥʺʷ̦ 
 
̡� ̑˽˿˺˻̍˳˂½ʰʽ̅ˠ̇˳̋˟̝˸Dơɭģ

ǀ˜ȇʢʿ̢̥̟̇˳̋˟̝˸Dơɭģǀ˄ɥ˕˗

Ĵʅʯ˜ăʱʯʴ˘ʭʿʦEŋ˘̦ 
̡� ˩̛˻˦̢˂½ʰʽƔUÏ̋˟̢̀̆˻˩ģǀ˜ȇ

ˁʢʿ̢̥̟̇˳̋˟̝˸Dơɭģǀ˄ɥ˕˗Fbʩ

ăʱʯʴ˘ʭʿʦEŋ˘̦ 
 

Į̑  µʁǟŐ  

 
 

 
�  4ʉ ̑˽˿˺˻̍˳  

 

 

�  5 ˩̛˻˦̢  
 

6  N� 

6.1  ��h�!�>wfs~N� 
ɼ�˄}�ɭ˄UÏ˂ɛʰʽ̥ʵ˄WŐʦƾȤʾ

ʧʷ˄˅̥˩̛˻˦̢eˈ̑˽˿˺˻̍˳ʸʺʷ̦ʭ˙˖

˄ɼ�˅̥Ǎů�Àɭ˜¥ʧʩƬƣʯʴ˘ɼ�ʾʠ˗̥

̒ˠ˩ʾ˄ɧɭʦWŐƮ˂&ƥʰʷʿǮʣ˖˙˘̦d

Uǯ˄BȖ�yʥ˖˅̥ʞ˩̛˻˦̢˜ 2ŏɑ˃ʽɼˋ
ʽʡ˘˕ʢ˂ăʱ˘̦ʟʿʡʺʷ�yʦò˖˙ʷ̦�ĵʾ

ʠˎ˗WŐ˜ò˖˙ˁʥʺʷɼ�˅̥˞̢̡̖̠̀ʥ˗˝

ʿʢ̡¥ǃˁˀ˄Ǎů�Àɭ˄Âˁʡɼ�ʾʠʺʷ̦˕

˗}�ʂ�Àɭ˜ĻƷ˂ğʣ˘ʭʿʾ̥ʭ˙˖˂½ʰʽ

ī�ʾʧ˘ʿǮʣʽʡ˘̦ˎʷʴ˝ˋʡ˂ɛʰʽ˅}�

ľ˂Ƭƣʲ˘ɭʦ¥ʧʥʺʷʷˑ˂ɑƫʰʷ̋˟̢̀

̆˻˩Dơ˄WŐʦÁʯʥʺʷʿǮʣ˖˙˘̦ 
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ˎʷńĂÑ˅Ƭƣʰˁʥʺʷʦ̥¥ǃ˂˅ǹ{ƃʡ

ǟŐʦƣʱʷ̦¥ǃ˄}�ɭ˜̅ˠ̇˳̋˟̝˸ʾU

Ïʲ˘ʭʿʾ̥dUǯ˄ 70%ʦʞǖƵûʦʠ˘ʟʿ�Ǔ
ʰʽʡ˘̦¥ǃ˂½ʰʽ̅ˠ̇˳̋˟̝˸UÏ˜ȇˁʺ

ʷɥ˄BȖ�y˂˕˙ˆ̥Ȑį˄dUǯʥ˖ʞʤɾ˜

ɼˋʽʡ˘Ń	˄̥ɭʦū˘˕ʢˁăʱʦʲ˘̦˧̔˜

�˝ʸ˕ʢ˂̥�˝ʸï˒ŧ˂ʩʺʻʡʽʩ˘ăʱʦʲ

˘̦ʟʞɻǻ˧̔˄˕ʢˁ˩˺̗˻ʿʰʷ̥ő˖ʥʡ˧̔˜

ɼˋʽʡ˘ăʱʦʲ˘̦ʟʿʡʺʷ�yʦò˖˙ʷ̦ 
ʭ˄ơƧʿʰʽ 2 ƒǮʣ˖˙˘̧̦ƒư˅̥iǶBʾ

ǸF˄�Ɓʿɼ�ʿʦƄʱ˗qʺʷɭ˜gòʲ˘ʷˑ̥

ʵ˄˩˺̗˩˺̗ʿʡʢɭ˂˕˗ǖƵûʦåȨʯ˙˘ʷ

ˑʸʿǮʣ˖˙˘̦2 ƒư˅̥Ň˱˳˽̔˅ɸ˜ɘʱʽ
ɼ�˜Ƌʰʷɥ˄Ƽ�ɭ˜̋˟̢̀̆˻˩ʲ˘ʦ̥rş

˂ɸ˜əʡʽţ˄}�˂5ʣ˘ɥ˂ƣʱ˘ɭ˒̋˟̢

̀̆˻˩ʲ˘̦ʭ˙˅˱˳˽̔ʦ}�˜ŚEʰʽʥ˖ 1
ǆɚ˅ɭ˄̋˟̢̀̆˻˩ƝĄʦǡǢʲ˘ʷˑʾʠ˘̦ 
ɸ˜əʩɥ˂˅ɼ�ʦŧʥ˖˅ʦ˙˘ɭʦƣʱ˘˄ʾ̥ 
ǖƵû˜ăʱʯʴ˘ɭ˅ɸ˜ɘʱ˘˸ˠ̠̓˪˕˗˒əʩ

˸ˠ̠̓˪˄ĵʦ¤ʩƬƣʲ˘ʿǮʣ˖˙̥ʵ˄ɭ˜˱

˳˽̔ʦ̋˟̢̀̆˻˩ʲ˘ʷˑ˂dUǯ˅ǖƵû˜å

ʩăʱʷ˄ʸʿǮʣ˖˙˘̦BȖ�yʾ˄ʞɭʦū˘ă

ʱʟʿ˅ʭ˄ɸʦəʩɥ˄ɭ˜Ĝʰʽʡ˘ʿǮʣ˖˙˘̦ 
ʭ˙˅Zampini˖˄µʁʿƪˁ˗̥ʂ�Àɭ˜Lƥʰ

ʷ̋˟̢̀̆˻˩˜µĶʰʽʡ˘Ɠ˂ƣʱʷWŐʿǮʣ

˖˙˘̦�ï̒ˠ˩˜˕˗ʂ�À˂ƜZʰʷ˒˄˂¢ł

ʰ̥̆ˠ̢̛̝̄ʂ�ÀɖɭǑ˜µĶʲ˘ʭʿʾ̥˕˗

WŐƮˁǖƵûǑ˄ɼă˄ĩ&˒µƠʰʢ˘ʿǮʣ˖

˙˘̦ 
ˎʷŠƉ2Ñʦ¥ʧʩńĂÑʦʠˎ˗ƣʱˁʥʺʷ

ơƧʿʰʽ̥µʁčɱ˄ 2)˂�ɷʦʠ˘ʿǮʣ˖˙˘̦
ȋʁǯ˅̛̠˹̔˂Ɍēʯ˙ʷɼ�˄}�˜ȇʡˁʦ

˖ɭɓ˄ȨǕ˜ȇʺʷƓ˂̥Ƭƣʲ˘}�ɭʦ¥ʧʡ

ɼ�˄ɥ˂˅̋˟̢̀̆˻˩ɭɓ˜Áʯʩ̥ʵ˄f½˂

}�ɭ˄Áʯʡɼ�˜LƥʰʽȨİʰʷɥ˂˅ɭɓ˜

¥ʧʩȝ´ʰʽʰˎʡ̥ʵ˄ÑʦȥÑ˜ƣʱʯʴʽʡ˘

ʿǮʣ˖˙˘̦ʰʷʦʺʽ�ï˅ɭɓ˄ȝȚ˜ˀ˄˕ʢ

˂ȇʢʥʦ�ʻ˄ȧɷʿʰʽĝʬ˖˙˘̦ 

6.2  �Q�#ux�¡�����wnp~X� 
ʉ ̢̙˰˳˸˾˟ʿʰʽ̥�Ǻ¹ÜǑʾȡʁƮ˂Lƥʰ

ʽɯʧ̥ʵ˄Ȗ¼˜µĶʰʷ̦½ȭʿʰʽ̥ªŧ˂Ǭŧ

˜ńʲ˘«ụ̂80 Ũ/Ǭŧ(ƥũ 13 Ø̤˂Lƥʰʽʡ
ʷʸʡʷ̦I�˅̥dUǯʦɒȂ˜¬ːʿʡʢƒ˜Ǯ

Ćʰ̥˨̘ˡ̜˓̠́˲̠Ǒ˜Ö 1̭̮ǇÚ˄˳˽˟˻˩
Ɲ˂UÏʯ˙ʷɼ�˜Ȳ=ʰµʁƥɼ�ʿʰʽěʺʽ

ʡʺʷ̦ʭ˙˂½ʰʽ$ʁǯʥ˖ʯ˖˂ÁʯʩʰʽŤʰ

ʡʿ˄*ɶ˜hʫʷ̦ʭ˙˅̥$ʁǯ˂ʿʺʽ˅̥Ó�

ʾ¡˖˙ʽʡ˘ɒȂ˳˽˟˻˩˅¥ʧɈʨʽ}�ʰ˂ʩ

ʡ˒˄˂ˁʺʽʡ˘ʷˑʾʠʺʷ̦ñʺʽµʁľ˂˅

ʵ˄ɒȂ˳˽˟˻˩˜ʯ˖˂ÁʯʩUÏʰʽɼʰʽʡʷ̦

ʵ˄ɥ˄}�ɭ˅çƖÁʯʡ˒˄ʿˁ˗̥ǲȕ˂˕˘ɼ

ă˄Ǽʯ˜ăʱ˂ʩʩʰʽʰˎʺʽʡʷʿʡʢʭʿʦȖ¼

˂˕ʺʽƬȓʯ˙ʷ̦ 
ʉ ʭ˄Ȗ¼ǟŐʥ˖̥Ňƺǌ˄˞̢̟̍˺˄̜̕˻˿ʦ

�ɚȓʣ˘̦ɼă˄õ�Ǽʯ˄ȝȚ˅̥ƛûʥ˖˄˞

̢̟̍˺˂˕˘˒˄ʦ¤ʡʦ̥}�S˄#�ʰʷʃʈ

ǯǑʦ}�Eŋˁʡʷˑ̥Ǽʡɼăʾ&ʺʽ˒ʵ˙˜

ʵ˄ˎˎɼʴˁʡʭʿʦǮʣ˖˙˘̦ʭ˙˂½ʰʽ̥Ň

ƺǌ˄˕ʢˁǲȕĀ�˄ɑƫ˂˕˘čŶʾʠ˙ˆ̥ɼ

�˄ƛû˂˕˖ˁʡģǀĵŶʦkǵ˂ˁ˘ʿǮʣ˖˙

˘̦ 
� [KƊāč¯VƀGbŭ±fÊ?bK\Vƒ��

����ƒq��p WƊāč¯f®ƌEQűNKƓ

AWėƒÇÀŔŜŴVä=UƊÓSEQƋSŶ7I

gZ7fĉNQĞQ7KL7KƓƅßWÀîX�i

�~ƅçƌWĝ«f¼ļEKƓƋVƀEQXãŇW

ĝ«RŠNKƓ 
� ÇÀŔXę]ĵƋ<īV¶NK_8R, ĵƋW

āÿfâ>ŸZQ7K. 4AWĵƋXĘŻWĵƋ_

aġ`;7ķL?T, ƅ<GB>����SŖA

9bāFLNK.54(ĘĪX) ġ`;7ĵƋXqx

�qx�SƊZQ7b?T,(xz��f°NKÜÎ

X) ƅfŖ>S����SEQ, GB>Ń7]Wf

×gR7b_8Uƅ<EK.5Su���fEQ7

K. [KƋVìEQX�n qRō;>ºa¾g

R;`ƊEQ7KƓAcXƒJW[[Wã=CRƊ

ZbSŒĨ<ácQE[8ËŚý<6bK\SW

¦R6NK.[KƋVìGbàÄXĸVāFU;N

KSŸZQ7KƓAcXƋfō;>EKK\VÒØ

ƅ<íC>UNKW<¡ÙS]œ9`cbƓC`V

������ÈYq��p VO7QX, TM`

VO7Q]4ƅ<Ķ^;UāFLNK.5Su��

�fEQ7K. [K·®fŻEQWāÿSEQ4ï

êa]r��r��SƊZb_a]A878xz

��RĶ^;V:7E>ķfƊZ`cK`Ş7S

ü8.5Su���EQ:a, ěxz��VřæĿU

ĀŤfùKƓ 
� ¡ĒR��jzWŬŪVƀEQXÕƇ<ŧëC

cKƓ[H��jzWŢŀ<éĖRXĴ;NKƓŕ

V;?b~j�W����n�fŴVO?bŠĳ

f¡¨RŠU8AS<R=H, v� �<ûţR

6NKƓAcXĂcV_NQŨįGbAS]ËŚS

üecb<ƒĸVƍƏŔVÐ?QWžľV:7QX

ŢŀWéĖý<ŽţSüecbƓ[K|�vőW

ůď^}��klhWč¯XçƌŔ<ŠNK<ƒA

W_8UŬæ^č¯fŜŴRŠ8ASXR=U7
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Ld8SWĀŤ]¹KƓç¼ļVÐ?QXƒ� w

���iWÐ¢<ûƆR6bSœ9`cbƓ 

6.3  5FJx������¡��� 
Ňƺǌ˄˭̠˿̢̜̘̉˱̠̚˅̥ǲȕĀ�ɑƫ˂˕

˘ɼăģǀčŶ˜ģŕʰ̥ʵ˄ȡʁƮµȌeˈȟ+

˜ȇʺʷƒʾʠ˘̦ 
ˎʷµʁ¶Ƣ�£ʾLƥkǵˁȝȚ˜ģŕʰ̥ʵ

˄ȝȚ˂�ʼʡʷȡʁƮµȌ˜LƥʰʷÅǀ˜ȇʡ̥

ǠMʯ˙ʷµʁ¶Ƣ�ʾˁʡ�ċʾLƥEŋ˘ʭʿ˜

ǀʰʷ̦ 
ʯ˖˂:ȇƺǌʿʰʽƹ˖˙ʽʡ˘̑˽˿˺˻̍�£

˂˒˩̛˻˦̢ˁˀ˄�˄ɼ�˂ʤʡʽ˒ǲȕ˂˕˘ɼ

ă˄ĩ&ʦkǵʾʠ˘ʭʿ˒ǀʰʷ̦ʭ˄˩̛˻˦̢˄

ǲȕ̋˟̢̀̆˻˩čŶ˅̑˽˿˺˻̍ʿrş˄čŶʾ

ʠ˗̥:ȇƺǌʥ˖ɺĢʾʧʢ˘̦ʰʥʰ̥̑˽˿˺˻̍

�£˄ɼ�ʾ˒ɼăĩ&ʦkǵʾʠ˘ʭʿ˜ǀʰʷ�

˂˕˗̥�˄ɼ�ʾ˒ɼăĩ&ʦkǵʾʠ˘ʭʿ˜ǀʰ

ʷƒ˂ʤʡʽ�´˄ĂǬʦʠ˘ʿǮʣʽʡ˘̦ˎʷ˩̛

˻˦̢˄ɼă˄èºȠ½ʿʰʽʞFbʡʛȄʡʟ ʦ¢
łkǵʿʡʢ�˅̥}�ɓ̣Ĩɼɓ̤Ǒ˄ɼă�£˄

&ƥ˜ņîʲ˘ʭʿʦʾʧ˘˕ʢ˂ˁʺʷʿǮʣ˖˙˘̦ 

6.4  ����¡���v G 
Ňƺǌʾ˅�ǉɺ˄˞̜̍˫̢˱̠̚˜ȏ&ʰ̥ʵ

˄Åǀ˜ȇʺʽ̢̙˰˄̋˟̢̀̆˻˩˜òʷ̦�ʻ˅

ɼăƹȕĩ&˞̜̍˫̢˱̠̚ʾʠ˘̦ʭ˙˅Ňȩı˄

	õ˂ˁ˘ǲȕĀ�ɑƫ˂˕˘ɼăģǀ˱˳˽̔ʾʠ

˘̦˒ʢ�ʻ˅WŐɭ�U˞̜̍˫̢˱̠̚ʾʠ˘̦ʭ˙

˅WŐɭ˄�U˂˕˘ɫƠµƮˁɼ$ʁ˄µƠ˜ư

Ĝʰʷ˞̜̍˫̢˱̠̚ʾʠ˘̦)ʣˆ˪̓˄}�˂q

˛ʴʽʞˍ˂˔ʟʿʡʢæS˄ʠ˘˒˄ʦƋ˙ʷɥ˄ˬ

̢̔˄WŐɭ˜ESʰ̥Ɨʧȁ®˄˕ʢ˂ƽʡɼ�˂

½ʰʽ˅ʞ̆˨˻ʟʿʡʢƽʡ˒˄˜ƻʡʽʡ˘˕ʢˁɭ

˜ɑƫʲ˘ʭʿʾ̥ɫƠµƮˁɼ$ʁ˜ŝʰˑ˘˞̜̍

˫̢˱̠̚ʾʠ˘̦Ȇ˄èƝ˜ʰʷ˪̓ʿ̥jˉ ˄ǝ

ˏq˛ʴˁˀ˄µɥ˂˅$ʁʰʷʩˁʡ˕ʢˁ)˒ȝ

Țʰʷ̦ 
ʉ ʭ˙˖˄˞̜̍˫̢˱̠̚˜ˣ̠˸˽ˠ̠̠̕˿˭̠̘̊

̢˽˟̠˪ 2011[22]˓ SIGGRAPH ASIA2011[23]Ǒ˄
°�Åǀ˄��˂ʽµƊÅǀ˜ȇʡ̥µʁ¶Ǎɚʾ

ˁʡ�˂ʤʡʽ˒˱˳˽̔ʦLƥkǵʾʠ˘ʭʿ˜ǀʰ

ʷ̦˾̖̠˳˿̢̞˱̠̚˂˕ʺʽƬȓʯ˙ʷȧɷʿʰʽ

˅̥̒ˠ˩˄g˗�ʫ˄čɚʦĝʬ˖˙˘̦Ɯ˂Åǀ�

�˄˕ʢ˂¤ʩ˄ŋ�ǯʦH˜ˁʲ˕ʢˁ�q̥g˗�

ʫ˂ľɚʦʥʥ˘ʷˑ̥̒ˠ˩˜čʾĔʰ�ʫˁʦ˖ɼ

ʲ˘˕ʢ˂ˁˀ˄½ø˜ʰʷ̦ˎʷ SIGGRAPH ASIAʾ
˅˾̖̠˳˿̢̞˱̠̚˜ 3 �ʦrľ˂$ʁʾʧ˘˕ʢ
˂ʰʷʿʭ˚̥�ǥ˂�Ȣ˜ʰˁʦ˖Ň˱˳˽̔˜$ʁ

ʲ˘ş®ʦȓ˖˙ʷ̦ʭ˄ʭʿʥ˖˒̥ɼ�Ƣ��˂ʤ

ʡʽ̥ƬȢʿ}�˄JKʦkǵʾʠ˘ʭʿʦƾȤʯ˙

ʷ̦ 

6.5  +:xgAv^j< 
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